In this study, a two-dimensional mathematical model was developed considering the hydrodynamic behaviour of a circulating fluidised bed biomass gasifier (CFBBG), which is also applicable for other low-density particles. In the modelling, the CFB riser was divided into two regions: a dense region at the bottom and a dilute region at the top of the riser. Kunii and Levenspiel's [Kunii and Levenspiel, Powder Technol. 61, 193-206 (1990)] model was adopted to express the vertical solids distribution with some other assumptions. Radial distributions of bed voidage were taken into account in the upper zone by using Zhang et al. 's [Zhang et al., Chem. Eng. Sci. 46(12), 3045-3052 (1991)] correlation. For model validation purposes, a cold model CFB was employed, in which sawdust was transported with air as the fluidising agent. The column is 10 m in height and 280 mm in diameter, and is equipped with pressure transducers to measure axial pressure profile and with a reflective optical fibre probe to measure local solids holdup. A satisfactory agreement between the model predictions and experimental data was found.
INTRODUCTION
T he hydrodynamics of the gas-solid flow structure in circulating fluidised beds (CFB) are of dominant importance for predicting the conversion of CFB combustors/gasifiers. The flow structure of gas-solid flows in a CFB is inherently very complex. Up to now, considerable work has been done on the investigation of hydrodynamics in CFB reactors (Grace et al., 1997) .
Modelling of CFB is rather difficult. Therefore, it is necessary to develop simplified modelling approaches, which can describe the gas-solid flow structure with sufficient accuracy. Many modelling efforts with various assumptions and different mathematical formulations have been reported in literature. Harris and Davidson (1994) have classified all models in three types: (I) those that predict axial variation in solids suspension density, but not radial variations (Li and Kwauk, 1980; Rhodes and Geldart, 1987; Kunii and Levenspiel, 1991; Smolders and Baeyens, 2001 ); (II) those that predict both axial and radial variations by assuming two or more regions, for example core-annulus flow structure or clustering annular flow models (Rhodes, 1990; de Diego et al., 1995; Nieuwland et al., 1996; Pugsley and Berruti, 1996; Gungor and Eskin, 2007) ; (III) those that employ the fundamental equations of fluid dynamics to predict two-phase gas-solid flow (Sun and Gidaspow, 1999; Mathiesen et al., 2000; Cabezas-Gómez and Milioli, 2003; Lu and Gidaspow, 2003; Wang et al., 2008) . Type I models are oversimplified to provide rough predictions. The radial variations are completely neglected, which seriously limited the ability of the models to represent CFB reactors. Type III models may be the most rigorous, but the required simplifying assumptions combined with their mathematical complexity limit their use to studies of specific flow structures within the riser. Type II models provide more details concerning the radial distribution of solids and allow one to investigate the flow structure of CFB risers in a two-dimensional way. Rhodes (1990) proposed a core-annulus model for the determination of the internal solid flow structure in a CFB. The model permits prediction of the form of the radial solids flux profile and of the development of this profile with changing axial position. de Diego et al. (1995) proposed two empirical equations for the * Author to whom correspondence may be addressed.
calculation of the solid flux arising from the dense region as a function of the operating conditions. Pugsley and Berruti (1996) developed a predictive hydrodynamic model to describe both axial and radial flow structure in CFB risers. The model postulates the existence of a core-annulus type of flow structure and is based on both fundamental principles and empirical relationships.
In this study, a two-dimensional mathematical model is developed to predict both axial and radial solids holdup and bed voidage profiles of a cold model CFB riser with sawdust particles. Experiments are performed to verify the simulation results.
CFB MODEL
Based on the experimental findings in our lab and in the literature, a two-dimensional mathematical model was developed considering the hydrodynamic behaviour of large-scale CFB risers. The main assumptions of the proposed model are:
• the riser is axially divided into two regions: a dense region at the bottom and a dilute region at the top of the riser; • the dense region, if it exists, has a constant solids holdup;
• in the dilute upper region solids holdup varies both axially and radially; • on a time averaged scale, any nonuniformity caused by clusters or packets of solids is neglected; • exit effects are neglected.
Vertical Profile of Solids Holdup
Several approaches have been proposed to investigate vertical profile of solids distribution in CFB risers (Li and Kwauk, 1980; Wen and Chen, 1982; Rhodes and Geldart, 1987) . Based on the observations that the solids concentration decays exponentially from the bed surface, Kunii and Levenspiel (1990) developed a model to describe backmixing in the freeboard above the bubbling bed. The model was also suggested to be valid for circulating fluidised beds (Kunii and Levenspiel, 1991) . This model is modified and applied in the present study and the vertical solids holdup distribution is expressed as:
where ε sb is the solids holdup at the dense region, H b is the height of the dense region and is experimentally determined. ε * s is the solids holdup in the fully developed dilute region. Decay constant a is a function of particle properties and operating conditions, and the following equation was recommended by Adánez et al. (1994) to calculate the decay constant:
A large amount of studies have been done experimentally and theoretically regarding ε sb and ε * s . Kunii and Levenspiel (1991) summarised a large amount of experimental findings and compared bottom bed solids holdup ε sb in various fluidising regimes. They gave a range of ε sb = 0.16-0.22 for fast fluidisation regime. Schlichthaerle and Werther (1999) 3 ), and operating conditions u g = 0.4-6.5 m/s, G s ∼ 10 kg/m 2 s. The average solid holdup of the bottom bed was obtained from pressure drop measurements and ε sb ≈ 0.35-0.45. This range was larger than that of Kunii and Levenspiel's (1991) , which may be due to a fairly large almost square combustor (1.47 × 1.42 × 13.5 m 3 ) was employed and the superficial gas velocity was relatively low. Bai and Kato (1999) provided a wide range of summarisation of empirical correlations in the open literature and proposed two more generalised correlations for both ε sb and ε * s based on experimental data from the literature and their laboratory. These correlations, however, were later shown to be experimentally invalid for coarse and light biomass particles (e.g. cork) by Mei et al. (2006) .
Since there are very few models concerning fluid structure of low-density particles in CFBs, the following correlations are proposed by using least squares regression method for ε sb and ε * s based on experimental data from the literature and our laboratory:
2 s. The experimental data used to correlate the solids holdups are listed in Table 1 . We are mainly focused on those low-density and large particles (d p > 100 m, p < 800), for example biomass particles and silica gel, because we believe these same type of particles should have some hydrodynamic characteristics in common.
The comparisons between predicted and experimental values for ε sb and ε * s are shown in Figures 1 and 2 , respectively. The predicted and the measured values matched pretty well within 20% of relative error.
Radial Distribution of Bed Voidage
Extensive researches have been conducted in recent decades to measure and characterise the radial profiles of particle concentration (Zhang et al., 1991; Rhodes et al., 1992; Patience and Chaouki, 1995; Godfroy et al., 1999; Xu et al., 2004) . The radial profile which had been observed in small-scale equipment can be represented by a core-annulus flow structure in the radial direction. The validity of this model has been confirmed by experimental observations in a large-scale CFB (Werther, 1994) . Zhang et al. (1991) reported radial void fraction profiles for four different powders in three different risers up to 0.3 m in diameter. They found that the normalised radial voidage was a unique function of radial position, r/R, based solely on the cross-sectional average voidage, ε:
A correlation of voidage based only on cross-sectional average voidage is reasonable because radial voidage profiles under different operating conditions (riser radius, solids flux, and superficial gas velocity) are similar, as shown by Zhang et al. (1991) . Such a correlation is convenient because a single measurement or prediction of cross-sectional average voidage can be used to map 
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• voidage at a given cross-section of the riser, rather than a threedimensional model. Therefore, this equation is employed in the present model.
EXPERIMENTAL
To correlate the proposed equations (Equations 3 and 4) and validate the developed model, experiments were performed in a cold model circulating fluidised bed to investigate the effect of operating conditions (e.g. superficial gas velocity and solids circulation rate) on the flow behaviour in the CFB riser. The cold model CFB is shown schematically in Figure 3 . The column was 10 m in height and 280 mm in diameter, and was equipped with 12 differential pressure transducers to measure axial pressure drop along the riser. A reflective optical fibre probe was employed to measure local solids holdup. The effects of operating conditions on axial and radial distributions of solids holdup and particle velocity were analysed. Refer to Miao et al. (2011) for a detailed description about the experimental setup. The bed material used in this study was sawdust with mean diameter d p = 400 m, particle density p = 430 kg/m 3 and sphericity ϕ = 0.35. Its cumulative size distribution is shown in Figure 4 .
In order to estimate the axial profiles of cross-sectional average solids holdup in the riser, 12 OMEGA PX series differential pressure transducers were installed to measure pressure drop along the riser column, as shown in Figure 3 . A multi-fibre optical probe was chosen to measure local solids holdup in this study. Local solids concentrations under eight operating conditions were measured at eight radial positions (r/R = 0.0, 0.143, 0.286, 0.429, 0.571, 0.714, 0.857, 0.929) on eight axial levels (z = 0.85, 1.35, 2.35, 3.35, 4.35, 5.35, 6.35, 8.35 m) . Refer to Miao et al. (2011) for more details about the experimental method. 
SIMULATION RESULTS AND DISCUSSIONS
Figures 5 and 6 compare the simulated and experimental axial solids holdup profiles for experiments conducted in this work and Mei et al. (2006) . Both the simulation and experimental data showed similar trend. The solids concentration was high at the bottom and then decreased gradually due to the acceleration of the solids until it becomes relatively constant at higher level. According to Bai and Kato (1999) , at a constant superficial gas velocity, when the solids circulation rate is increased to a value at which much of the solids begin to accumulate at the bottom of the riser, a typical S-shaped solids holdup distribution starts to form. Further increasing solids circulation rate beyond this critical point will have negligible effect on the solids holdup at the dense and dilute regions, although the dense region height continues to increase. This critical point is the so-called saturation carrying capacity of gas, G * s . In Figure 6 , G * s in Mei et al. (2006) was experimentally identified at 3.1 kg/m 2 s. It can be seen clearly from both the experimental data and the simulation predictions that when G s > G * s , a dense region with a constant solids holdup appears at the bottom of the bed, and the axial solids holdup profile is a typical S-shape. The height of the bottom bed depends on particle properties and operating conditions. Generally, Figure 6 shows that the higher the solids circulation rate, the denser the solids holdup in the whole riser and the higher the bottom bed.
Figures 7 and 8 compare experimentally determined radial voidage profiles in this work with simulation predictions. Both the model and the experimental data show that the voidage distribution is flat in the core region and steep close to the wall. The model also demonstrated that the voidage profiles under different operating conditions coincide with each other, provided they have the same average cross-sectional average bed voidage. The good agreement between the experimental data and the predictions indicates that Zhang et al.'s (1991) equation, which was derived based on Group A particles, can be applied to low-density particles as well.
CONCLUSIONS
A mathematical model was developed to estimate axial and radial solids holdup and bed voidage profiles of CFB risers under fast fluidisation conditions. Kunii and Levenspiel's (1991) model was modified and applied to express the vertical solids distribution with some other assumptions. The simple model assumptions based on their detected phenomena were in agreement with the experimental data. Two correlations (Equations 3 and 4) were proposed to predict the solids holdup at dense region and dilute region, respectively. Zhang et al.'s (1991) equation was employed to describe the radial voidage profile in the present study, and it was proven from the comparison results that Zhang et al.'s (1991) equation can be applied to light particles as well. The verification of the simulation results with experimental data showed that reasonable agreements were achieved. Through comparison with experimental data, the proposed model was shown to be able to qualitatively and quantitatively predict the effect of operating variables such as superficial gas velocity and solids circulation rate on the axial and radial solids holdup profiles.
